ABSTRACT An experiment (3 trials) was conducted to determine the AME n of 15 corn co-products obtained from various wet and dry milling plants, and to develop prediction equations for AME n based on chemical composition. Co-products included distillers dried grains with solubles (DDGS, n = 6), high-protein distillers dried grains (n = 2), corn germ (n = 2), corn germ meal, corn bran with solubles, corn gluten meal, corn gluten feed, and dehulled, degermed corn. Treatments (15) consisted of 85% inclusion of the corn-soybean meal basal diet combined with a 15% inclusion of each corn co-product, as well as a control diet containing glucose•H 2 O (15%) at the expense of the co-product. In each trial, Ross × Ross 708 chicks (10 birds per pen) were randomly assigned to 16 dietary treatments (12 replicate pens; 4 replicate pens per trial). After a 7-d diet acclimation period from 15 to 22 d of age, a 48-h total excreta collection was conducted for the determination of AME n . Co-products were analyzed for gross energy, CP, moisture, crude fat, starch, crude fiber, ash, total dietary fiber, neutral detergent fiber, and acid detergent fiber, and hemicellulose was determined by difference. Stepwise regression resulted in the following equation: AME n , kcal/kg of DM = 3,517 + (46.02 × % crude fat, DM basis) − (82.47 × % ash, DM basis) − (33.27 × % hemicellulose, DM basis) (R 2 = 0.89; SEM = 191; P ≤ 0.01). Removing hemicellulose from the model resulted in the following equation: AME n , kcal/ kg of DM = (−30.19 × % neutral detergent fiber, DM basis) + (0.81 × gross energy, kcal/kg of DM basis) − (12.26 × % CP, DM basis) (R 2 = 0.87; SEM = 196; P ≤ 0.01). These results indicate that nutrient composition may be used to generate AME n prediction equations for corn co-products fed to broiler chicks.
INTRODUCTION
Dietary energy sources represent a major cost in poultry diets (Donohue and Cunningham, 2009) . Because a portion of the supply of corn and oil for animal feed has been diverted as inputs for ethanol and biodiesel production, ingredients have reached unprecedented prices for the poultry industry (Donohue and Cunningham, 2009) . Using alternative ingredients to replace a portion of the corn and soybean meal can be an attractive strategy to reduce the diet cost for poultry nutritionists. Distillers dried grains with solubles (DDGS) is the primary co-product of ethanol production in the United States (Rausch and Belyea, 2006) . In recent years, ethanol production has experienced exponential growth, resulting in a large supply of DDGS as a feed ingredient for the livestock and poultry industries. Distillers dried grains with solubles is an acceptable ingredient for broilers, with maximum inclusion levels being 6, 12, and 18% in the starter, grower, and finisher diets, respectively (Lumpkins et al., 2004) .
Dry-grind and wet milling of corn results in multiple co-products, including DDGS, corn gluten meal, corn gluten feed, crude corn oil, and corn germ meal (Rausch and Belyea, 2006) . Dry-grind milling is the primary type of processing used for ethanol production in the United States (Bothast and Schlicher, 2005) . In addition to conventional dry-milling, dry-mill fractionation is used in a smaller number of ethanol plants to extract starch and oil more efficiently. Because of the value of these 2 products in a variety of industries, the number of plants implementing the fractionation process may increase in the future. Dry-mill fractionation of corn is used to separate bran, germ, and endosperm based on bulk density, milling, and physical characteristics. Advantages of dry-mill fractionation are that it separates corn oil from the germ for food-grade markets and generates a higher concentration of endosperm (starch without bran and germ) in the fermentation process, to enhance the yield of ethanol. As new fractionation processes develop, the resulting co-products will continue to evolve. Consequently, nutrient digestibility values are warranted for these "new generation" corn coproducts because of their altered chemical composition.
Extensive nutrient variation of corn co-products can limit their use in broiler diets (Cromwell et al., 1993; Batal and Dale, 2006; Fastinger and Mahan, 2006) . Information is needed to accurately predict AME n values of corn co-products to minimize adverse broiler performance associated with energy variability. Regression equations have been developed to estimate energy utilization based on chemical composition of feedstuffs for both poultry (Batal and Dale, 2006; Cozannet et al., 2010a) and swine (Noblet and Perez, 1993; Fairbairn et al., 1999; Pedersen et al., 2007; Bulang and Rodehutscord, 2009 ). To our knowledge, AME n prediction equations based on chemical composition for a wide range of corn co-products have not been reported in poultry. The objective of this study was to select corn co-products with a wide range of nutrient composition to develop robust equations to predict AME n in broilers based on the chemical composition of 15 corn coproducts obtained from both dry-grind and wet-milling facilities.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at Auburn University approved all experimental protocols involving live birds.
Bird Husbandry
Three energy balance trials were conducted in growing broilers from 15 to 24 d of age. Overall, 1,920 Ross × Ross 708 broilers were obtained from a commercial hatchery and were vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis. In each trial, 640 broilers (10 per cage; 5 males and 5 females) were placed into grower battery cages (Petersime, Gettysburg, OH). Each cage (68 × 68 × 38 cm) was equipped with 1 trough feeder and 1 trough waterer. The experimental facility was a solid-sided house with temperature control. In all trials, temperature was set to 33°C at placement (decreased gradually to 27°C by the conclusion of the trial), and a 23L:1D lighting schedule was used. Broilers were fed a common starter diet until d 15.
Dietary Treatments
Fifteen corn-co products were obtained from various wet-mill and dry-grind ethanol plants throughout the United States (Table 1) . Multiple corn co-products were chosen to encompass a wide range in nutrient composition. These included DDGS (6 samples), highprotein dried distillers grains (HP-DDG, 2 samples), corn germ meal, corn germ (2 samples), corn bran with solubles, corn gluten meal, corn gluten feed, and dehulled, degermed (DHDG) corn. On d 15, birds were randomly assigned to 1 of 16 dietary treatments, which included a control diet (85% basal diet + 15% glucose•H 2 O) and 15 test diets, each containing 15% of a single corn co-product (85% basal diet + 15% coproduct; Table 2 ). Each treatment was represented by 12 replications (4 replicates per trial) over time. All dietary treatments were provided in mash form.
Measurements
After a 7-d acclimation period, a 48-h energy balance assay was conducted from 22 to 24 d of age. Feed consumption and excreta weights during the 48-h collection period were used to calculate energy and nitrogen intake and excretion. From each pen, multiple subsamples were collected from the total amount of excreta on the pan under the cage; these samples were then homogenized, after which a 250-g representative sample was placed in a plastic bag for later analysis. Representative samples of feed and excreta were frozen until later analysis. Feed and excreta samples were dried at 55°C in a forced-air oven, and dried samples were ground through a mill equipped with a 1-mm screen to ensure a homogeneous mixture. Gross energy contents of feed and excreta were determined on an 0.8-g sample using an adiabatic oxygen bomb calorimeter (Parr Instruments, Moline, IA), and analysis was performed in duplicate as described in the manual of the manufacturer. Nitrogen contents of feed and excreta were determined on a 0.25-g sample with a combustion analyzer (Elementar Americas Inc., Mt. Laurel, NJ) in duplicate using a previously established method (AOAC International, 2006; method 968.06) . Apparent ME n for each dietary treatment was calculated using 8.73 as the N correction factor (Titus, 1956 ) and subtracting the contribution of AME n from glucose•H 2 O (3,640 kcal/kg) from all glucose-containing diets by using the following equations: total AME n intake = [gross energy intake − gross energy excretion] − [8.73 × (nitrogen intake − nitrogen excretion)]; basal AME n intake = AME n of control diet (85% basal + 15% glucose•H 2 O) − 3,640 kcal of ME/ kg of glucose•H 2 O (Hill and Anderson, 1958; Sell et al., 2001 ); co-product AME n = (total AME n intake − basal AME n intake)/co-product intake. All corn co-products were analyzed by a commercial laboratory (University of Missouri Agriculture Experiment Station Chemical Laboratories, Columbia; Tables 3 and 4) unless otherwise described. Particle size was determined on a 13 half-height sieve shaker (Tyler RoTap, Mentor, OH) as described by Baker and Herrman (2002) , with data reported as the geometric mean (μm) on an as-is basis. Bulk density was determined by using a standard weight per bushel tester (USDA, 1953) , with data reported as grams per cubic centimeter on an as-is basis. Hemicellulose (HC) was determined by subtracting acid detergent fiber (ADF) from neutral detergent fiber (NDF). Values for ADF and NDF were expressed without residual ash, and NDF was determined after pretreatment with a thermostable amylase.
Statistics
Data were analyzed as a randomized complete block design (SAS Institute, 2004) . Pen location was the blocking factor, with the block effect being the row of cages. Each treatment was represented by 12 replications (4 replicates per trial) over time. Stepwise regression was used to determine the effect of the nutrient composition on AME n . The coefficient of determination (R 2 ), SE of the regression estimate, and the Mallows statistic [C(p)] were used to define the equation with the best fit. In addition, full and partial correlations between AME n and nutrient composition were conducted to assist in interpreting the stepwise regression results. If, in the final prediction model, the intercept was determined to be nonsignificant, it was excluded from the model and an adjusted R 2 value was calculated using the NOINT option (SAS Institute, 2004) . Statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION
Corn co-products are known to be variable in amino acid, ME, and sodium composition (Cromwell et al., 1993; Batal and Dale, 2006; Fastinger and Mahan, 2006) . Moreover, nutrient variability has been reported to be influenced by particle segregation and sample collection technique (Ileleji et al., 2007; Kingsly et al., 2010) . The objective of the current research was to use chemical composition to develop equations for predicting AME n of corn co-products currently being produced in the United States. To develop robust and accurate prediction equations, we selected a wide range in nutrient composition of co-products, and as expected, the chemical composition among the 15 corn co-products used in the current experiment was diverse (Table 3 ). Gross energy of the corn co-products ranged from 4,397 to 5,811 kcal/kg of DM, CP from 8.3 to 66.3%, fat from 0.2 to 18.4%, ash from 0.5 to 6.8%, NDF from 4.3 to 61.1%, ADF from 0.49 to 25.42%, and total dietary fiber (TDF) from 2.61 to 47.76%. The range in chemical composition of co-products was fully expected because agronomic conditions and proximate composition of original corn sources, as well as processing methods (Cromwell et al., 1993; Kim et al., 2010) , can affect corn grain and, consequently, the corn co-product produced. Moreover, chemical composition of corn co-products can be influenced by the degree of starch fermentation, heat processing, proportion of solubles added back to the distillers dried grains, and drying method at a particular production facility (Martinez-Amezcua and Parsons, 2007; Martinez- . In addition to chemical composition, physical measurements differed widely among co-products in the current study in that bulk density and particle size ranged from 0.314 to 0.687 g/cm 3 and from 330 to 2,166 μm, respectively.
We also chose to evaluate AME n instead of TME n . True ME n values are often used for evaluating feed ingredients, and comparison of AME n and TME n values may be difficult. In general, TME n values for corn and DDGS are 3.5 and 20% higher than AME n values, respectively (NRC, 1994) . Although the use of TME n for evaluating feed ingredients is more rapid and can prove advantageous because it accounts for metabolic fecal and endogenous urinary energy (Sibbald, 1975) , our evaluation of AME n allowed ad libitum feeding of the diets containing the co-products, which would be more reflective of the broiler industry. We choose to evaluate co-products by using a corn-and soybean meal-based diet. However, it has been reported that dietary composition of the basal diet may influence AME n (Adeola and Ileleji, 2009) .
Apparent ME n values among all 15 corn co-products ranged from 1,746 kcal/kg of DM in corn gluten feed to 3,495 kcal/kg of DM in corn germ (Table 5 ). The AME n values for the 6 DDGS samples included in the study ranged from 2,146 to 3,098 kcal/kg of DM, averaging 2,678 kcal/kg of DM (Table 5 ), but were lower than previously published values. Batal and Dale (2006) reported TME n values of 17 DDGS samples, which ranged from 2,490 to 3,190 kcal/kg, whereas Fastinger and Mahan (2006) reported TME n of 5 samples of DDGS varying from 2,484 to 3,047 kcal of TME n /kg on an as-fed basis. The 3 high-protein co-products evaluated in the current study included 2 samples of HP-DDG and 1 sample of corn gluten meal. The AME n values of 2 HP-DDG products in the current study were 2,708 and 2,932 kcal/kg of DM. Kim et al. (2008) reported a similar energy value of 2,957 kcal of TME n /kg for HP-DDG (n = 1), whereas Applegate et al. (2009) published an AME n value of 2,526 kcal/kg for HP-DDG (n = 1). In addition to using a semipurified diet, the lower value for HP-DDG reported by Applegate et al. (2009) may be attributed to the difference in fiber composition because their sample was 8.28% units higher in ADF and 3.76% units lower in NDF when compared with samples in the current study and with their use of 1 Gross energy and AME n are expressed as kilocalories per kilogram of DM. AME n was determined by a 48-h excreta collection following a 7-d adaptation period.
2 Identity of feedstuffs as described in Table 1 . DDGS = distillers dried grains with solubles, HP-DDG = high-protein distillers dried grains, DHDG corn = dehulled, degermed corn. AME n vs. TME n . In the experiment herein, corn gluten meal was determined as 3,182 kcal of AME n /kg of DM, whereas NRC (1994) reported a higher value (3,720 kcal of AME n /kg). High fiber co-products in the current study included corn gluten feed, corn germ meal, corn germ (n = 2), and corn bran, with determined AME n values of 1,746, 1,991, 3,308, and 3,030 kcal/kg of DM, respectively. The 1,746 kcal of AME n /kg of DM for corn gluten feed is in close agreement with 1,750 kcal of AME n /kg of corn gluten feed reported previously (NRC, 1994) . Corn germ in the current experiment was determined to contain 3,308 kcal of AME n /kg of DM, whereas Kim et al. (2008) reported 4,336 kcal of TME n /kg for dehydrated corn germ (n = 1). Although fiber content was not reported, crude fat content was 1.9% units greater and CP was 1.7% units lower in the dehydrated corn germ sample reported by Kim et al. (2008) when compared with samples evaluated in the current study. The notable difference in sample composition, as well as the difference in methodology (TME n vs. AME n ), may partially account for the greater value reported by Kim et al. (2008) . Dehulled, degermed corn had the lowest fiber content of the 15 co-products evaluated, whereupon AME n was determined to be 3,442 kcal/kg of DM. Applegate (2005) reported DHDG corn to contain 3,364 kcal of AME n /kg by using regression analysis of 5 semipurified diets containing DHDG corn from 0 to 93.38% and extrapolating AME n at 100% DHDG corn inclusion. The use of composition analysis to predict energy values of feed ingredients for poultry is not novel (Sibbald et al., 1963; Guirguis, 1975; Coates et al., 1977) . More recently, prediction equations derived from composition analysis have been developed for meat and bone meal (Adedokun and Adeola, 2005) , corn DDGS (Batal and Dale, 2006) , and wheat DDGS (Cozannet et al., 2010a) . Batal and Dale (2006) reported that the best predictors of TME n for DDGS were fat, fiber, protein, and ash; however, the equations were suggested for use only as a general guide because of a relatively low R 2 of 0.45. Using a covariate model and simple linear regression, Cozannet et al. (2010a) determined that the AME n of wheat DDGS could be predicted with luminance (P < 0.001, R 2 = 0.77) and ADF (P < 0.001, R 2 = 0.79).
Pearson correlations between chemical components of corn co-products are presented in Table 6 . Hemicellulose displayed the strongest correlation with AME n (r = −0.845, P = 0.01), followed by NDF, TDF, and crude fiber (r = −0.828, −0.767, and −0.745, respectively, P = 0.01) . This was expected given that HC is the primary fiber type in corn co-products, making up a large portion of their total NDF, TDF, and crude Table 3 ). Other fibrous measures (ADF, r = 0.432, P = 0.11; cellulose, r = −0.443, P = 0.10) were not as strongly correlated. Hetland et al. (2004) indicated that fiber is generally regarded as a diluent in diets fed to poultry, and based on our data, it appears that in corn co-products, HC has the single highest effect on AME n . The weak correlation of total starch (r = 0.446, P = −0.10) and gross energy (r = 0.214, P = 0.44) with AME n is likely attributed to the high fiber and low starch content observed in all the co-products, except for DHDG corn. The weak correlation of crude fat (r = 0.388, P = 0.15) with AME n is a bit surprising given that the 6 DDGS and 2 corn germ samples contain moderately high levels of crude fat, but apparently this was overshadowed by their high levels of HC and the low levels of crude fat in the HP-DDG, corn gluten feed, and corn germ meal.
Stepwise selection in multiple regression was used to determine the chemical components that best served as predictors of AME n for the 15 corn co-products (Table 7). With HC having the strongest correlation with AME n , it was the first variable included in the multiple regression model, generating AME n (equation 1) with an R 2 of 0.71. The equation was improved with the stepwise addition of crude fat (P = 0.01) to the model, subsequently increasing R 2 to 0.84 (equation 2). Ash (P = 0.04) was the third predictor to enter the model, further improving R 2 to produce the final equation: [AME n , kcal/kg of DM = 3,517 − (33.27 × % HC DM) + (46.02 × % crude fat DM) − (82.47 × % ash DM), R 2 = 0.89, SEM = 191] .
Analysis for HC requires determining both ADF and NDF; therefore, measurement of HC is time consuming and laborious. In an effort to produce a more practical equation for commercial applications, multiple regression was again performed with HC omitted from the variable pool (Table 8) Similar to the findings in this study, Cozannet et al. (2010a) reported that fiber alone accounted for much of the variation of AME n content in wheat co-products. In their study, however, ADF had the strongest correlation with AME n (R 2 = 0.79) rather than NDF or HC. This could be a result of using wheat rather than corn co-products, as well as a difference among analytical techniques of fiber indicators. In contrast to the results of Cozannet et al. (2010a) and the current study, Batal and Dale (2006) reported that the single best indicator of TME n for corn DDGS was fat (R 2 = 0.29), with a final equation including fat, fiber, protein, and ash (R 2 = 0.45). The analysis of DDGS used by Batal and Dale (2006) , however, was limited to proximate composition such that data on specific fiber indicators were not reported. Furthermore, previous research developed AME n prediction equations using only DDGS (Batal and Dale, 2006; Cozannet et al., 2010a) . As a result, variation in chemical composition between samples was not as large as that observed between the diverse array of co-products used in the current study. For example, the NDF of samples used by Cozannet et al. (2010a,b) ranged from 25.1 to 33.8%, whereas NDF in the current study ranged from 4.3 to 61.1% for DHDG corn and corn germ meal, respectively.
In conclusion, wide variability of AME n existed in corn co-products produced from dry-and wet-milling plants. Using stepwise selection in multiple linear regression, the best predictors of AME n were HC, crude fat, and ash. When removing HC from the variable pool to develop a more practical equation, the best predictors of AME n were NDF, gross energy, and CP. An independent validation of the prediction equations reported herein is warranted with future research.
